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In order to examine the sequential expression of major blood group antigens on human erythroblasts, a selective two phase liquid culture system for erythroid progenitors was established. After mononuclear cells obtained from peripheral blood were cultured in the presence of phytohemagglutinin stimulated-leukocyte conditioned medium (PHA-LCM) for 7 days (the first phase), nonphagocytic cells were recultured under hypoxic culture conditions containing 30% fetal calf serum, 1% bovine serum albumin, 300 fig/mL transferrin and 2 U/mL recombinant erythropoietin (the second phase). Mature (orthochromatic) erythroblasts were observed on day 4 of the second phase, and reached T brane components has been extensively studied in avian nucleated erythroid cell^,''^ in mammalian erythroblasts (mostly in rats4 and mice5-'), and in erythroleukemic cell lines, such as K562 cell There has been little research, however, on the developmental expression of these markers in human erythroid cell^,'^-'^ especially in the disease states.
The reason for that was that a sequential system suitable for obtaining undifferentiated and differentiated erythroid cells has not been available. Thus, we decided to establish a two phase liquid culture system using human erythroid progenitors existing in the peripheral blood.
By using our new culture system, the development and expression of blood group antigens (ABH, MN, P, and Lewis) on erythroid cell membranes were studied sequentially. These surface markers on the erythroid cells were detected by using monoclonal antibodies (MoAbs) with a fluorescence activated cell sorter (FACS).
MATERIALS AND METHODS
Blood samples were obtained from healthy volunteers of A, MM, P, and Le (a-b+) blood types, and mononuclear cells were separated by Ficoll-Conray (Immunobiological Laboratories, Fujioka, Japan) gradient density centrifugation. The mononuclear cells were harvested and washed twice with Iscove's modified Dulbecco's medium (IMDM; GIBCO Laboratory, Grand Island, NY).
Experiments were carried out by a liquid culture using a modification of the technique described by Fibach et a1.I4 The procedure was divided into two phases. Mononuclear cells were suspended in IMDM with 10% fetal calf serum (FCS; Flow Laboratories, North Ryde, NSW, Australia) and 5% phytohemagglutinin-stimulated leukocyte conditioned medium (PHA-LCM). Then the cells were incubated at 1 x 106/mL in 25 cm2 tissue culture flasks (Corning Glass Works, Corning, NY) at 37OC in a humidified atmosphere of 5% CO, for 7 days. PHA-LCM was prepared as described previou~ly.'~ In some experiments, recombinant hematopoietic factors such as interleukin-3 (IL-3; Genetics Institute, Cambridge, MA), granulocyte-macrophage colony stimulating factor (GM-CSF; Sumitomo Pharmaceutical Co, Osaka, Japan), and G-CSF (Chugai Pharmaceutical Co, Tokyo, Japan) were used instead of PHA-LCM. Before the second phase, the number of total
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Liquid culture system. phase, cells became blood type M-positive, corresponding to the maturation of erythroid cells. Regarding the expression of ABH blood group antigens, a small number of blood type H-positive cells were initially detected on day 0 of the second phase, while blood type A-positive cells, which essentially were not observed on day 0, increased gradually corresponding to the extent of erythroid maturation. In the present system, Lewis and P, blood group antigens were expressed at day 5 of the second phase, although autologous plasma was required to determine the expression of Lewis blood group antigens. This culture system is beneficial for studies on normal and abnormal human red cell membranes, because the erythroid progenitors in human peripheral blood were used, and a reasonable number of erythroid cells (0.5 to 1.5 x lo7) was obtained with good maturation. 0 1990 by The American Society of Hematology.
floating cells was counted, and then they were treated by the carbonyl iron methodI6 to remove phagocytic cells, mostly monocytemacrophages. After the treatment, nonphagocytic cells were recultured using six-well tissue culture plates (Coster, Cambridge, MA), with each well containing IMDM supplemented with 30% FCS, 1% deionized bovine serum albumin (BSA, Sigma Chemical, St Louis, MO), lo-' mol/L 2-mercaptoethanol (2-ME Sigma Chemical), 300 rg/mL iron-saturated transferrin (Sigma Chemical) and 2 U/mL recombinant erythropoietin (Snow Brand Milk Products Co, Ishibashi, Japan). The cultures were incubated at 37OC in a humidified atmosphere containing 5% 0, and 5% CO,. Every day, viable cells were counted by eosine exclusion, and differential counts were made on cytospin preparations stained with May-GriinwaldGiemsa. The morphological criteria for differential counts of the cultured cells were as follows: (1) blastic cells indicate immature blasts with marked nucleoli, morphologically not identified as erythroid cell lineage; (2) immature erythroblasts denote basophilic and polychromatic erythroblasts; (3) mature erythroblasts depict orthochromatic erythroblasts; and (4) denucleated red cells, same as normal red cells in the peripheral blood.
Methylcellulose culture was performed in In vitro colony assay.
35 mm non-tissue culture dishes (Falcon, Oxnard, CA) as previously described." A 1 mL mixture of 2 x lo5 peripheral blood mononuclear cells, IMDM, 1.2% methylcellulose (Dow Chemical Co, Midland, MI), 30% FCS, 1% BSA, 5 x mol/L 2-ME, 2 units of erythropoietin, and 5% PHA-LCM was incubated at 37OC in a humidified atmosphere of 5% CO, in air. The four culture plates were evaluated under an inverted microscope on day 7 for erythroid colony-forming units (CFU-E), and on day 14 for erythroid burstforming units (BFU-E), for granulocyte-macrophage colonyforming units (CFU-GM), for mixed colony-forming units (CFUMix) and for macrophage colony-forming units (CFU-m). In vitro colony assay was also performed using the nonphagocytic cultured cells at the end of the first phase in the liquid culture system, in order to estimate the quantity and quality of the erythroid progenitors.
In order to determine the expression of major blood group antigens, several murine MoAbs were prepared for this study ( Table 1 Hemoglobin contents were determined by the cyanmethemoglobin method. In brief, cultured cells were collected by centrifugation at 400 x g for 5 minutes and resuspended in van Kampen and Zijlstra's modified reagent.,' After 10 minutes, the amount of hemoglobin in the supernatants was determined photometrically at 540 nm. All determinations were made in duplicate.
Immunofluorescence analyses.
Determination of hemoglobin contents.
RESULTS
Cell proliferation of erythroid progenitors. In order to obtain a population of erythroid progenitors, peripheral blood mononuclear cells were cultured from healthy volunteers. At first, the predominance of erythroid progenitors was confirmed by using a methylcellulose culture. As shown in Table 2 , approximately 73% of the colonies formed by peripheral blood mononuclear cells were erythroid colonies. In contrast, bone marrow cells produced many granulocytemacrophage colonies in the same culture (data not shown). Peripheral blood, therefore, appeared to be a material suitable for the examination of erythroid progenitors.
As the first phase, peripheral blood mononuclear cells were cultured in the presence of 5% PHA-LCM or various kinds of purified recombinant hematopoietic growth factors such as IL-3, GM-CSF, and G-CSF. In the absence of growth factors, the number of cells decreased by half. In the presence of GM-CSF or G-CSF, the number of viable cells decreased at the end of the first phase of the suspension culture ( Table 3) . In contrast, in the presence of PHA-LCM or IL-3, the number of cells increased. When cultured with PHA-LCM, nonadherent and nonphagocytic cells increased more than with IL-3. Therefore, we used PHA-LCM as a growth factor for the first phase of the culture. When in vitro colony assay was performed in the nonphagocytic cultured cells a t the end of the first phase, CFU-E appeared up to 33 2/105 cells, and total erythroid colonies reached 93% of the colonies formed by nonphagocytic cultured cells, as shown in Table 2 , which indicates the proliferation and differentiation of the BFU-E to the CFU-E.
The culture condition of the erythroid progenitors in the second phase was examined in the presence of erythropoietin. To the suspension culture, 30% FCS and 1% deionized BSA were added according to the culture method with methylcellulose for erythroid progenitors. A hypoxic culture (5% 0,) condition was favored for erythroid growth as opposed to the usual culture (20% 0,) condition. An addition of 300 pg/mL transferrin also enhanced cell growth (Fig 1) . However, addition of 15 mmol/L L-glutamine and mol/L dexamethasone to IMDM did not change the extent of erythroid cell growth (data not shown). In addition, it will be also beneficial to avoid the possible adverse effect of dexamethasone on the membranes of erythroid cells. Therefore, nonphagocytic cells were cultured in the presence of FCS, BSA, 2-ME, transferrin, and erythropoietin at 5% 0,.
The extent of the proliferation and maturation of the cultured erythroid cells were also enhanced under the following experimental conditions, as shown in Fig 2. By using 25cm2 tissue culture flasks, the total number of cultured cells started to decline at day 3 of the second phase, and the decrement persisted continuously until day 8, when the total number of cultured cells was already one third to one fourth Days of the second phase of the cultrure Days of the second phase of t h e cultrure of the maximum. Instead, by using six-well tissue culture plates, cell growth improved substantially, especially after day 5 of the second phase. The pattern of cell growth was biphasic, suggesting the presence of the blastic cell population at the earlier phase and of the differentiating erythroid cells at the later phase.
Morphology and hemoglobin contents of cultured cells. As shown in Table 4 , the number of erythroid cells increased sequentially day by day in the second phase of the culture. On days 0 to 3, more than 90% of the cells were blastic cells, which were not identifiable as erythroblasts, although they may have contained proerythroblasts and myeloblasts. Immature erythroblasts (basophilic erythroblasts and polychromatic erythroblasts) developed, and the number of these cells increased until day 5 of the second phase. Meanwhile, mature orthochromatic erythroblasts appeared on day 4, and Expression of major blood group antigens on cultured cells. The expression of glycophorin A was examined using the MoAb, which binds specifically to the amino acid sequence 27-39 of glycophorin A, and results are shown in Table 5 . On day 0 of the second phase of the culture in the presence of erythropoietin, MoAbs for MN blood group antigens did not bind to the culture cells obtained from the donor expressing the MM blood type. On day 3 of the second phase, the number of cells expressing glycophorin A and M Regarding the expression of ABH blood group antigens, a small number of blood type H-positive cells were initially detected on day 0 of the second phase, while blood type A-positive cells essentially were not observed a t that time. Blood type A-positive cells increased gradually corresponding to the extent of erythroid maturation.
P, blood group antigen appeared only after day 5 of the second phase.
As to Lewis blood group antigens, the expression was observed also after day 5 of the second phase, only under the condition in which FCS was replaced by autologous plasma. 
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In contrast, the expression of Lewis blood group antigens was not recognized with FCS alone. Figure 5 summarizes schematically the results of morphology of erythroid cell lineage and the developmental expression of the major blood group antigens.
DISCUSSION
Studies on erythropoiesis in vitro have chiefly been performed using colony formation methods with semi-solid culture media. These methods, however, are not appropriate for harvesting a large quantity of erythroid cells for immunologic and biochemical analyses. For this reason, a liquid culture method appears to be most appropriate for obtaining substantial numbers of erythroid cells of a much more homogeneous population. We therefore modified the liquid culture method for human erythroid progenitors initially developed by Fibach et aLi4 This procedure made it possible to obtain 0.5 to 1.5 x lo7 erythroid cells per lo7 mononuclear It has recently been reported that the M N blood group activities are very weak or not expressed at all before the polychromatic erythroblast stage, although glycophorin A molecules are already present in abundance on proerythroblast~.~' Our results with the MoAb, which recognizes the glycophorin A amino acid sequences 27 through 39, indicated that expression of the M blood type antigen was detected on the erythroid cells a t nearly the same stage as that for the cells detected by anti-glycophorin A antibody. Thus, our results confirm the findings recently reported by Loken et a125, which suggests that the expression of glycophorin A and M blood group antigens is in parallel.
As for the specificity of M and N blood type antigens, it has been indicated that the N type antigen could be a precursor of the M type antigen based on differences in the terminal structure of oligopolysaccharides.26 However, it has been found that a difference between the M and N type antigens exists in the protein moieties of g l y c o p h~r i n . indicates that the N type antigen is not the precursor of the M type antigen. In a successful bone marrow engraftment, expression of the MN blood group antigens was detected by MoAbs M/N on erythroblasts. This implies that the M N blood group antigens were produced by the erythroid cells them~elves.~'
As for development and expression of ABH blood group antigens in erythroid progenitors, results are still being debated, although they have been extensively studied. Sieff et all3 reported that A blood group antigen was expressed on colony cells derived from BFU-E and CFU-E using MoAbs. Blacklock et alZ8 demonstrated that A (or B) blood group antigen existed on about 5.2% of CFU-GEMM, 12.5% of BFU-GEMM, 49.5% of BFU-E, and 83.5% of CFU-E, as proved by anti-A (or B) MoAbs. On the other hand, Fitchen et a129 could not detect the A (or B) blood group antigen on BFU-E and CFU-E. Karhi et a13' observed that the A blood group antigen first appeared on basophilic erythroblasts at the same stage as hemoglobin synthesis. In our system, the H blood type antigen appeared initially, as early as on day 0 of the second phase, and then blood type A-positive cells increased gradually, corresponding to erythroid maturation. It is obvious that the ABH blood group antigens appear at an earlier stage than glycophorin A or M blood group antigen.
In contrast, the developmental expression of P, blood group antigen in erythroid cells has not been well defined.
The present findings indicate that P, blood group antigen appeared only after day 5 of the second phase, when mature erythroblasts started to appear. The requirement of the plasma for the expression of Lewis blood group antigens has been reported by Sneath and S n~t h .~' The present results are compatible with these findings. The stage of expression of these antigens, however, has not been elucidated. In our results, the Lewis blood group antigens appeared at a later stage (such as at day 5) than the A and M blood group antigens.
In summary, the expression of surface markers on erythroid cells was studied1 sequentially in the two phase liquid culture system. The procedure has several characteristic features, such as (1) samples from human specimens, (2) use of erythroid progenitors in peripheral blood, and (3) use of reasonable number of erythroid cells with good maturation. Thus, the procedure is useful for analysis of normal expression of other membrane components and also for elucidation of the pathogenesis of abnormal membrane disorders.
